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NATIOWAL ADVISORY‘bOMﬁITTEE FOR AEROLIAUTICS. ‘

TECENICAL UEMORANDUM NO. 367.
APPLICATION OF THE "WAGNUS EFFECT" TO THE
WIND ZROPULSICON OF SHIPS.*

By L. Prandtl.

The Fleﬁtner wind-driven rotor ship, which is on every
tongue, as a result of'the unusually zealous newspaper propa-
ganda, has suddenly aroused much popular interest in the theory
of flow. The effect of the Flettner rotor can not be explained
in accordance with the prevailing views on wind pressure, al-
though it is claimed to exert as much force as a sail having
10—;5 times aé large a frontal area.

Though the modern theory of flow can not yet fully ex-—
plain the mysterious phenomenon, 1t was nevertheless instru-
mental in discovering the great forces of the rotating cylin-~
der. Since the knowledge of the laws of flow ig not yet suffi-
ciently wide-spread and since such knowledge is necessary to
enable us to arrive at any real explanation of the phenomenon,
I gladl& improve this opportunity to introduce the‘ieader to
these laws, as regards the subject under consideration.

~This :ema;kable;phgnomenon ﬁ?s fi;st_opservgd_ip connec-
- tién ﬁifh a rbtating sphere murled fhfough the air, the.devia-

tions of which from the theoretical trajectcry had long been

* "Hagnuseffekt und Windkraftschiffi," a lecture delivered before
"Die GOttinger Physikalische Gescl 1uchaft " ¥Wov. 17, 1934, and
pudlished in "Die Naturwviesenschaft," Vol. XIII, pp. 93-108.
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known by artillerists and ball players. Then rcal "balls" ﬁcrc
st111 uscd, artillerists had early noted certain irregular de-
viations in their trajectories. 'B. Robins expressed his opin-
ion in 1742 that these deoviations were due to the rdﬁation of
the balls. He subsequently demonstrated experimentally the
truth of his assumption. Toward 1830, in order to control the
formerly very irregular rotations, bullets with an eccentric-
aliy iocatédtcenter of gravity were used. It was found that
when sucn a ball was loaded with the cénter of gravity down,
the shot regularly fell short, and that when the center of
gravity waes up the shot was long, since the pressure of the
powder gases (being divectéd against the center of the ball)
causcd a QOWanrd rotation in the first case cnd an upward ro-
tation in the second case. In likXe manner, placing the ccnter
of gravity dn the right or left causcd a corresponding dgflec—
tion to the right or left. This deflection could not be ex-
plained by the assumption of a lateral impulse at the mouth

of the gun, because experiments with disks placed at different
distances from the muzzle shdwcd_that the trajectory was con-
tin uous1y deflected.

"In order to settle the question, the well-known Berlin
physicist, G. Magnus, a teacher of Helmhofé, performed several
"laboratory exveriments in 1852 (Cf. the article on Gustav lMag-
mis by P« Pringsheim, "Die Naturwissenschaften," Vol. XIII,

p. 49, 1825). 1In onc of his expcriments, he set a brass cylin-
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der {mountcd between pivots, so as 1o be capable of rapid ro-
tation br mecans of a cord) on a light rbtatable arm and direct-
éd an air strcam against the cylinder by means of 2 small cen-
trifugal ﬁlower. The cylinder yilelded in thc direction perpen-—
dicular to the air stream and to the axis of the cylinder and
alvays tovard the side on which the peripheral motion of the
cylinder coinciged with the direction of the air stream. The
direction of the deflection agreed with the shooting experi-
ments. The valué of the deflecting fofce; which Magnus did not
measure, secned to him to be of sufficient magnitude to account
for thc deflections of spherical projectiles.* Since then 1t
has been customary to designate the vhole group of phenomcna
by the tem "Hagnus effect." The service of Magnus, in first
furnishing an experimental demonstration of the phenomenon,
thus received appropriate recogniticn. The knowledge of the
effect of rotating balls in ball games antedated even the ob-
servations by artillerists. This phenomenon is very striking
in temnis, it being common for every skillful player to "cut”
the ball so as to make it deviate from its natural path.** If-
the ball is given 2 cutting stroke on the right, it is de-

flected toward the left and vice versa. If cut underneath,

* Magrus also investigatced the deflections of rotating oblong
projcctiles oy special cxperiments and theoretical deductions.
In the vpopular presentations, as published in the newspapers,
these were often confused with the lagnus effect, with which
they hed ncthing to do.

**lccording to G. T. Walker, 1t was mentioned in 1671 that a
"ocut" tennis ball describes a curve.
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the ball will go farther and, if cut on fTop, it will go shortcer
than otherwise. Accerding to G. T. Talker, this phcnomcnon is

y viore striking in 20lf. When a golf ball is cut under-

F

neath it goes farither than it could otherwise do with the samc
initial velocity. The first gclf stick (the "driver") ig there-
fore slightly concave on top- In a faulty lateral cut, it is
said to be possible for the deflection to amount to as much as
70 meters (230 fcet).

The agnus effcect can alsoc be easily deronstrated in the
lecture room. The cnly cpvaratus reguired 1is a cylindcr made

by gluing togecther the edges of a

m

teet of paper. This cylin-
der is thrown in such a vay as to give it a ropid rotary mo-
ticn. It is preferable to throw it forward, as in bowling,
when it will describe a path similar to Fig. 2. The phenoncenon
is particularly noticeable with a very long cylinder. It is
advisable to close the ends with projécting cardboard disks
which increase the rigidity and inertia cf the cylinder and im-

prove it aerodynamically. If we wind such a cylinder (Fig. 1)

. in the middle of which a emall tongue is cut, with a thread

whose ends are attached to an coverhead Bur, thie cylinder, in
falling, will then be deflected toward the side. Also a triaﬂ—
gular vaper priem, likewise provided with end disks, when held
between -the thumb and finger'cf“one“hand'and‘snapped'with a
finger of the other hand, as indicated by the arrow in Fig. 23,

will undergo o very striking deflcction. (These experiments
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were shovm in connection with the lecture:)
Artillerists formerly tried to explain this‘phenOmenon by

claiming that the deflection was due to the increased friction

" produced by the "cushion of condensed air" formed in front of

the vrojectiie. S. D. Poisson demonstrated, however, that this
friction was by no means sufficient to produce such an effect.
Moreover, the abbve—mentioned eiperiments'with eccentric pro-
jectiles demonstrated that the deflectibn was in exactly the
opposite direétion to that required by the "cushion theory."
Hagnus gave, in connection ﬁith his experiments, an expla-
nation which makes the effect a little more comprehensible, but
which, due to the primitive state of the theory of flow at that
time, 1is no longer satisfactory.* The explanation given by Lord
Rayleigh in 1877 in connection with the flight paths of *cut
tennis balls is much more satisfactory. In the meantime the

theory of flow had been considerably developcd by Belmholz,

* Magnus at first proceeded on the basis that an air stream,
which is dirccted against a resting cylinder pervendicular 1o
its axis, blows laterally-placed candle flames or small stream-—
ers toward the cylinder. (Obviously, the air stream must be
thin, so that the candles or streamers can be placed outside of
it.) Magnus concludes, from the behavior of the flames and
streamers, that "the motion of the air past the surface of the
cylinder does not, as generally assumed, increase the pressure
against the latter, but, on the contrary, reduces it in the di-
rection perpendicular to the air stream and indeed all the more,
the zreater the velocity of the air." He then continues "If the
cylinder is not rotating, the reduction of the pressure is the
same on both sides. If it is rotating, however, the velocity
and, consequently, the pressure reduction are greater on the
side which is moving with the air, than on the side which is
moving against the air." He had noticed a damming up of the
air on the latter side and therefore assumed the same pressure
as when two opposite streams of water meet.
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Sir William Thompeon and others, though their deductions anplicd
almost cxclusively to an "ideal fluid" without viscosity or
~change in volume. Lord Rayleigh's calculations had. to do with
the flow of such an ideal fluid past a cylinder infinitely cox—
tended in the direction of its axis. IHe oonsidefed the flow
conditions, which arise when the ordinary potential flow is
combined with a circulation flow, and ccmnuted the force ex—
erted on the cylinder from the pressure distribution on the
cylincder. Lord Rayleigh himself calls attention to the fact
that it is a weak point in his theory that the equatiohs are
correct only in the absence of viscosity, but that, according
to a proposition of Thompson, the circulatdry motion could not
occur in the absence of viscosity or, if it were once present,
it could not change. The origin of the flow, for which we must
obviously hold the viscositiy responsible, was consequently left
unexpnlained. Nevertheless, the conclusions of Lord Rayleigh
are very instructive and it is useful for us to consider thenm,
as also the related theories on the motion of an ideal fluid,
more closely, since the actual fluids, like water and alr, have
only a very slight viscosity, sao that in the moét favorable
casés, any discovery .concerning the motion of an ideal fluid
fﬁrnishes approximately an accurate conclusion for a real fluid.

As to whether we have such a favorable case under consideration

3 aiwamer T 4. o®e

still requires special investigation. .There is more to be said

later on this subject.
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The ordinarily tested flows of an idqal fluid, namely, the
flows which are produced in an originally quiet fluid, by the
motion of bodies in it or by the action of pressure on its sur-
face, are of the same geomeurlcal klnd as the currents of elec-
tricitly 1n a homogeneous solid conductor (or 2s the magnetic
field in a space with unchangeable permeability). They are de-
ducible from a potential whioh_satisfies the Laplace differen-—
tial equation. The essential characteristic of the potential
flow is that the individual fluid particles do not'rotaté.
This is closely connected with freedom from viscosity, without
the aid of which a fluid particle can not be set in rotation..

The two kinds of flow, on which Rayleigh based his calcu-
lations, are shown in Figs. 3-4. A flow of the form shown in
Fig. 3 can be produced by sending an electric current through
an iron sheet with a round hole cut in its center. For this
purpose, strips of good-conducting copper must be soldered to
the right and left edges of the pcor-conducting iron sheet.
The flow shown in Fig. 4 can be produced electrically only by
slitting the sheet with the round hole/along a radius and sol-
dering the copper strips on the rightAand left sides of the .
slit. Magnetic fields of the form shown in Fig. 4 are well
known. The_magnefic field generated by an electric current
passing through a wire perpendicular to the plane of the draw-
ing is_of‘this'kimi;'““

The flow, which is the real subject of Rayleigh's investi-
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zation, is obtained by supernosing the two flows shown in Figs.
3-4. v this 1s meant the flow whose velocity at every wcint

is the result of the combinaticn of the two component velcoci-~

ties according tc the varallelogram of velocities. The voten
tial is oroduced simply by adding the two potential values at
each point In space. The streamline system is produced, when
the two streamline systems are so drawn, one over the othei,
that the quantity of fiuid passing per second vetween every two
streamlines is everywhere ths same, simply by drawing the diag-
onal curves, as shown in Fig. 5. As fhe result of superposing
the flowrs shown in Figs. 3-4, various forms are produced, ac—
cording to the intensgity of the circulatory motion (Fig. 4).
One form, with a moderate circulation, is showm in Fig. 3; an-
other, with a stronger circulation, in Fig. 7.

In order to understand what is accomplished with these
flows, we must consider the pnressure distribution in a flowing
ideal fluid. 1In the first place the pressure at one and the
same point is the same in all directions, exactly the same as
in a f;uid at rest. The pressurcs at two different points,
however, generally differ. We will disregard the weight of
thz fluid, so that we will here understand by the term "pres-
sure' only the differcncce between the pressure when in motion
and when at rcest. This differcnce may be cither positive or
negative and we will emoloy the terms "positive pressure” and

"negative pressure’ in this connection. When the prcssure con-



N.A:GrA" Technical Menorandum N§o. 3687 9

tiruously falls from any point 'A to aﬁy point B on the same
streamline, each fluid particle has a somewhat greater prcssufe
bchind it than in front of it and is therefore accclerated in
the direction of the decreasing pressure. If it already has,
at A, a velocity tovard B, this velocity will'gontinuously
increase on the way tomard B. If, on the contrar%;_it has, at
B, a considerable velocity toward A, 1% will be retarded by
the opposing vpressure Gifference, since it has contiﬁuously a
somewhat greater pressure in front of it than behind it. it is
again so that the velocity at B, where.the pressure is smaller,
is greater than at A. The mathematiqai computation for a
steady flow in an ideal fluid leads to the conclusion that the
sum of the pressure ‘p and the guantity ,pigi (in which p =
density and v = velocity) is constant on the same streamline.
This relation, established by Daniel Bernoulli in 1738, and
often refcrred to as "Bernoulli's theorem," is closely connect-
ed with the energy theorem of theoretical mechanics. If a ball
is allowed to roll down a smooth surface, shaped as shown in
Fig. 8, its velocity will be the greatest at the lowest point
the Jegst at the highest point and
and/ h + %é will be a constant, the height h here playing
the same part as the pressure does in the flow. In.steady PoO—
tential flows, moreover, p + O %i is constant not only along
any given streamline, but throughout the whole field of flow.
We will now apply this principle to the flows of Figs. 3,

6 and 7. At the point A of these flowsg the fluid comes, for
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an instont, cntirely to rest, so that, according to Berncullils

1 . - re
theoren, the preossure must here v the greatest, for ,F);— to

<)
be greater than in the undisturbzd flow (if V is the velceity

of the undisturbed flow with refeience vo the cbject or, from
another viewpoint, the velocity of the object with referecnce to-
§5111 air), The pressure is the lowest at the point B, vhere
~the condensaticn of the streamlines shows the maximum velocity.
The pressure at the point: ¢ is the same as at A. In the
symmetrical fiow (Fig. 3), tho>pressure at B' 1is also the same
as at B. In unsymmeirical flows, on the contrary (Figs. 6-7),
the pressure at B is considerably smaller than at 3' and
hence the resultant of the presgurcs is a force in the direc-
tion B'B, i.e., the ilagnus cffect, for which the term "Quer-
trieb" (transverse force) was ©lso vroposed. Nc resistonce in
the dirccticn of moticn can pe deduced from the pressure dis-
tribution in either of the threc flows. This is closely con~-
nected ”‘th the replacement of the actual fluid by the iceal
fluid. The overcoming of resistance means the perfcrmance of
work and could thereforc have an equivalent in the idealifluid
only in the kinetic energy remaining 1in the fluid. If, however,
the flow closes behind the object just as it opens in front of
the okject, there is then no rcom for such an energy and conse—
quently for any gps;sﬁanqe.f RaVlelgh's ;ulculmtlon and, conse-

guently, our ovm remarks 3pp1j only to a very long cylinder,

i Coeanfney

for which the cond;tuonw at “he.erndsiare dlsrpgrrdcd. They are

I ! DOV atoTr Y
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nos applicéblc tc a short cylinder. Even in the ideal fluid,
yith the circulatory moticon at the cylinder eonds, %inctic cncr-
gy dcvelops in the form of eddics which romain in the fiow oad
thercfore produce a corrosponding resistance (& so-called in-
ducecd drcg, the sane as for airpiﬁno wings). From this the
'conclusion (confirmed by cxperiments) is dravm that the Mogaus
cffect can be observed, In itc aporoximatcly €full development,
only 1n connection Vit YOIy 1ong'cy1indcrs and that it occurs
in conncction with sprerecs only in a form that is greatly af-
)
fected by eddics.* All previous obscrvations were made, how-
ever, with relatively short bodies. The G&ttingen experinents
of 1933 were the first tc be performed with sufficiently long
cylinders. ‘

Two further points should be noted here. First, the above-
described pressure distributions can be'intelliéibly explained
in cnothor way. If we comsider a fluid particie which is mov-
ing élong a curvced streamliine, we can easily see that, in order
to keep the particle in the curved path, a force'must e éon—

tinuously ccting on it waich tends to deflect it toward the

* In my "Trogfiugelthecrie" (wing theory), Part II ("GOttinger
Nachrichten,’ 318, p. 134), the 1ift decrease, given by equa-
tion 68, of the magnitude W tand (6 = angle between the direc-
tion of the wind and the direction of the eddy axes, which are
obligque on account of t-2ir om motion; W = induced drag) can
Be so great for short cyiinders that, with an increase in the
circulation, the 1ift ray again decrense or cven become ncga-
tive. nis phenomencn may be oxplaincd by the suction force of
the cddice, which acts in the direction of their axes.
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concave side of the path curve.. This result is acccmplishcd by
the pressure on the convex side being sorewhat greater than on
the concove side. (It may also be said that the particle, in
its tendency tc gr straight ahead, presses on thelconvex side
thus producing a centrifugal force.) If we now follow %hese
pressurc differences in direcctions at right angles tc the
streamlines ti11 we reach the undisturbed flow where the Dres—
sure is equalized, we again find that the pressure must be

positive in the vicinity of A, vwhere the sireamlines ore

-convex toward the cylinder, and negative in the vicinity of B,

where they are concave toward the cylinder. That a quantita-
tive evaluation cf this principle will give the same pressurcs .
as Bernculli's thecorem, is guarantced by the connection which
these thiﬁgs find in the laws cf flocw.

The second point ooncérns the value cf the Hagnus effect.
By computing the preésure distribution, Lord Rayleigh found a
formula, accofding to which this force is proportional to the
preduct of the velocity V. of the cylinder with reference to
the undisturbed fluid and the velocity U of circulatory flow
aocérding to Fig. 4. For a length 1 of the "infinitely long"

cylinder, it is

in which 1 = radius of cylinder and p = density of fluid.

/

The mistake has often been rade cf confusing this circula-

tory velocity with the peripheral velocity of the cylinder.
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The relation of these two is neither given at the outset nor is
it at all simple. Scometimes 1t can be feound only by‘éxpcrimcnt.
“fn“Fig. 6 it is assumed that U =.V and in Fig. 7, that

U= 2V. '

The above Rayleigh forﬁula is, morcover, a special casc cf
Joukowskil's formula (1906), P = p V I' 1, which holds good for
all cascs wnere a flow generates a lateral force, hence for
sails, airplane wings, etc., [' represents the "circulation,"
which is obtained by multiplying'each portion of the line, along
any closed curve cmbracing the power-generating dbject, by the
velocity oompdnont falling in its direction and then adding
("integrating“) all these products. In potential flows, this
"circulation" has very remarkable properties. .In ordinary po-
tential flows (e.g., Fig. 3), it is zero for any closed curve.
In circulatory potential flows (e.g., Figs. 4, 6 and 7), it is
likcwise zerc for every closed curve which does not inclose the
object flowed around, but it is constant for every closed curve
which erbraces the object once, so that its value I' is a
meagure for the circulatory motidn. If r (Fig. 4) is the
radius of any given streamline, then the fiow velocity u,

when the circular streamline is chosen as the closed line, is

)
b
H
s
1
|
i

toc be inserted full, since it falls exactly in the direction
of the line element and we have I' = 2 7 u, from which, cue
to the constancy of I, it follows that - u must be inversely

proportiocnal to the distance -
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The recently won knowledge of the circulation principle
renders it possible to formulate mdre accurately the important
theorém of Sir William Thompson, ﬁamely, that, in a homogeneous
non-viscous fluid, the circulation along every line consisting
permanently of the same fluid particles, can not change with
the lapse of time. The theorém, under the conditions named,
is universally applicable, not only to'"potenfial motions,"
but also to all eddying motions. If we now imagine a cylinder
at first without rotation, then (according to the preceding
statements) there is no circulation (Fig. 3). If it is subse-
gquently set in motion, it is impossible to see how circulation
can suddenly set in contrary to the Thompson theorem. The nmat-
ter is thus quite hopeless from the standpoint of the ideal
fluid, in spite of the very satisfactory streamline pictures
and pressure distributions, since it is impossible to see how
the circulation can come into existence.

The solution for the simple flow arcund the ncon—rotating

cylinder, as shown in Fig. 3, is, however, when carefully con-

sidered, no more satisfactory, since we know that in a real
fluid such a cylinder is far from offering no resistance and

we observe, even in actual fluids, forms of fliow, quite differ-

“ent from Fig. 3, which are filled with eddies behind the cylin-

der. We will find that, with the'expianation of the deviation
of the simple flow, with resistance, from the ideal flow of
Fig. 3, we will be in pdssession.of the key for explaining the

Magnus effect.
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The ground for denying the theory of the ideal fluid, as

regards the »robtlems, can be stated. The forces of internal

. friction are so small in the interior of the almost non—-viscous

fluids {to which water and air belong) as to be negligible in
comparison with the forces of inertia, but in a thin layer im-
nediately on the surface of the immersed body or of the sta-
tionary walls they are of the same order of magnitude as the
forces of inertia. If we ;magine the viscosity of the fluid
to be continually decreasing, the specific frictional effects
in this layer will not be diminished, but the boundary layer
will become thinner.

It is obvious that such a layer must exist, since all ex-
periments on the behavior of viscous fluids demonstrate that
the boundary layer clings to the body, i.e., is relatively at
rest. The next layers glide over one another, so that the ve-
locity of each successively more distant layer is greater than
that of the preceding layer. There is thus created about the
body an enveloping zone, in which occurs the transition from
zero to the,#elocity not affected by the Viscosity. This tran—
sition is brought about by the forces of friction which, as
calculated on the basis of_the volume element, are of the same:
order of magnitude as the pressures produced by the inertia of
the free fluid, since the velocities in the enveloping zone
differ by finite quantities from those in the free current.

The nature of the velocity distribution in the enveloping-zone



R

L E R SRR R

N.A,C-A-.Technical Mlemorandum No. 367 16

is illustrated by Fig. 9. Its thickness € may be practically

assumed to be from 1/300 to 1/50 of the diameter of the cylinder,

according to the viscosity.*

The next oroblem is manifestly connected with the laws of
motion of the fluid in the enveloping zone, commonly called
"boundary layer." These laws are quite susceptible of computa-
tion, which is, héwever,wof a rather difficult nature. |

The most important results can aléo be made intelligible
by qualitative considerations. The particles in the boundary
layer are subjectéd, on the one hand, to the accelerating and
retarding pressure differences, the same as in the free fluid,
and, on the other hand, to the retarding friction with the
wall. Ve will consider the results of this alternating piay in
connection with a concrete example. For this purpose we choose
the beginning of +the motion of a cylinder.** The theorems for
the ideal fluid apply with sufficicont accuracy to the frce flu-
id. Since cverything was at rest in the beginning, the circu-
1ation is zero for every closed line and must so remain for the

lines passing through the same fluid particles. At first, there-

.fore, only the potential flow without circulation is possible,

as shown in Fig. 3, whether tne cylinder begins to rotate imme-

diately or not. We will assume that the cylinder does not ro—

* mhe right measure is the Reynolds numbor R = %%, with
v I = kinetic v1g0031ty (n.= viscosity mass and d = cylinder

' dlamgter) It is I~

** Such proktlems are only gsolvable by starting from a state for
which the velocities of all the particles can be known. The
simplest condition is that of complete rest.
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tate and study the relations in the ffictional zone. If <the ac-
ccleration is completed @uring the changed pressure conditions
and the cylinder moves uniformly, the pressure is higher at A
and ¢ (Fig. 3) and lower at B. The particles in the free
flow gain kinetic energy on the way from .A to B and lose it
again from B to C. The particles in the boundary layer, how-
ever, lose, through friction with the wall, a portion of their
kinetic cnergy and no longer have sufficient momentum to pene-
trate the high-pressure region at €, but cone, instead, to a
standstill and return to the pressure casc existing from C +to
B. The conditions are thc same as for a sphere on the curved
track in Fig. 8, which is somewhat retarded by friction. It will
turn baék below €, which it can not reach, and then oscillatce
back and forth. In the boundary-layer flow, the situation dif-
fers somevhat from thét of the rolling ball, in that a forward
force is here exerted on the boundary layer by the free fluid.
This causes the backvard motion to be less extensive than would
otherwise be the case.*

The process is as follows. The inner and most retarded
layers first chenge direction and are followed by the next layers.

Only the outermost lavers of the frictional zone are carried

- along by the outcr flow. Since the boundary layer from B is

always newly retarded material which likewise turns back, there

*The forward force can overcome the backward force for bodies
which are very long in the direction of flow. Then there is no
vortex formetion and the resistance is due only to friction, as
in the case of a fish, an airship or an ordinary airplane win




i
i
i
)
i

7.4.0.4* Technical Momorandum No. 387 Lk

is formed between B and C an over thickening accumulation of

fluid, set in rotation by the friction, which moves, under the

- fall in oreesure, toward B and then ig carricd away os "vor-

tices" into the frce fluid. Thus o trocnsformation of the flow,
starting from the insignificant-appcaring procesges in the mar-
ginal ,loyer, is gradually completed. In the vicinity of B,
the boundary layer scparates completely from the wall with the
continuous formation of new vortices and leaves between it and
the wall a region of weak irregular motioms.
| The oDrocess can be illustrated by a few pictures which I

took twenty years ago, when I first experimentcd with these

natters with primitive apparatus. Water containing powdcred

0]

micaccous iron orc was driven through o small trough by a pacddle
whecl. The flat particles of thig mincral assumed diffcrcnt
angular positions in different portions of the eddying currens,
thereby cousing differencces in the reflcction of sunlight.
Figs. 10-123 show three different stages of the flow about 2 cyl-
inder: Fig. 10, after a very short time; Fig. 11, after a 1it-
tle longer time; and Fig. 13, after a still longer time. Fig.
13 shows the permarent condition, which is characterized by an
oscillating motion of the train of eddies.

That the processes in the boundary layer are really the
cause of the vertex formation, I was able to demonstrate, like-
wise 30 ycars ago, by the following experiment. If a slot is

made in the cylinder in the region where thce back flow first
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appears, through which slot the woter is continually drawvm, the

retarded water can thus be carried away, veforc it acquires a

béokward motioﬁ. The effect, which is shown in Figs. 14-15 is,
in fact, the elimination of the.vortices and also the separa-
tion of the flow'on the side of the cylinder where the watcr is
sucked out. (The rubber tubes, used for sucking out the waicr,
show in Figs. 14-15.) It is.worth noting that the separation
of the flow, which is thus prevented as regards the.cylindér,
is transferred to the wall of the chamnel. |

This separation is not due tc the convexity of the wall.
as in the case of the cylinder, but to the fact that, without
the separation, the flow would be greatly retarded (which
would be-accompanied by a pressure increase). When the other
conditions are such that this pressure increase must occur on
a straight wall, it first »roduces az return flow, and then vor-
tices and finally the deflection of the flow from the wall.

The beginning of the vortex formation on the chamnel wall is

~shown at a in Fig. 14. If a slot were also made in the wall,

the separaticn could here also be prevented or at least greatly
retarded, so that the pressure increase and the retardation of

the flow could be permanently maintained.*

* Recently experiments with suction on the wall have been re-
suricd in the laboratory under my management. It has been found
that by drawing relatively small quantities of fluid through a

-series of many fine slots, a large variety of flows can be pro-

duced, which differ greatly from the ordinary (as, e.g., the de-
flection of a free air stream 180° by suction in the chamnel).
Coviously this suction process is applicable to all casces vwhere
separation is to be aveided: toc airplane wings, sails, turbine
and propeller blades, ships' hulls and rudéers, etc.
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I did not try any experiments at that time with rotating
¢ylinders. In the autumn of 1204 I went from Hannovei (where T
performgd the above-mentioned experiments), to G%ttingen. Here
I had other tasks at:first, besides having to procure apparatus
similar to what I had in Hannover, so that it was not till 1207
that I resumed water experiments and investigated, among other
things, the flow about two oppositely rotating cylinders, stand-
ing in contact in a stream of water. Here it was to be expect~
ed that, with a sufficient rotation speed of the cylinders, the.
vortex forming and the separation of the flow would be eliminat-
gd, since here the fluid would not be retarded by the friction
on the wall, which moved in the direction of the current, but,
at most, would be acecelerated. The experiment proved the cor-
rectness of this assumption. The walls and bottom of the ex-
periﬁental channel were covered with éloths which were made to
move with the current, so thét separation would here also be
prevented. These cloths, which ran over rollers, caused much
disturbance, however. Fig. 16 is a picture of such a flow.*

In conncction with these experiments, a single rotating cylinder
was tried once, without however, much importance being attached
to this matter. Fig. 17 is a copy of the only picture retained

of this experiment. The pictures, made in Hamburg by Prof.

* The small eddies behind the pair of cylinders, due to the
boundary layer running faster here than the rest of the streanm,
had no connection with the vortices producing the separation.
The cloudlike disturbances, produced by the walls, running fast-
er than the water on both sides of the lycovodium—strewn current,
were of similar origin.
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4hlborn by strewing lyccpodium sced on water and emploYing.flashr
light- illumination, wcre technicaliy very imperfect. The phcto-
graphic method has since been gzreatly improved. Figs. 18-31 are
photographs takon ty H. Rubach in 1213-14, which very clearly
cshow the separation phenomcena on cylindars. It is manifest
that potential flow vas first present. The incipient return
flow showg only in a narrow zone. The pair of eddies then in-
croased rapidly, but gove rise to sccondary scparation phenom—
cra and eddics, where the pair camc in coantact with the cylin-
der. OSubsequently, the pair was complctely intersperscd with
such scecondary cddies and became continually mere irregulal

and finally disintegrotcd into an oscillating flow with the con-
tinual formation of new eddics.

As regards the explanation of the origin of the circulation
flow on the rotating cylinder, wnich we still needed for a sat-
isfactory explanation of the Magnmus effect, it was made'vcry
simplc ©y the previously prepared exposition. With o suffici-
ently high rotation speed, no retardation occurred on the ac-
companying side and hence no separation,.but vorfices were
formed on the contrary-running side; the same as on the cylin-
der with the suction. The circulation is always zero for a
line (b cda in Fig. 23} rounning.a:dund both the cylinder
and the eddy entirely in the frce current. If we add the line

v & ruming through twice in the opposite direction, nothing

is thereby changed, since one direction just offsets the other.
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From the paths consicdered, there can be produced, however, tw
new closed paths, abda and cd b c. The last line,
Which“embrdbeS'the”éddy”alone,"has”a‘ciraﬁlatibﬁ, however, and
hence the line abda, surrounding the cylinder, must have
the same circulation in the oppcsite direction. The eddy poasses
along with the current, and the circulation around the cylinder
remains.* When the cylinder is rotating slowly, one of the ed-
dies is smaller and the other larger than when the cylinder is
not rotating. The circulation around the cylinder is then equal
to the difference between the circulations of the eddies.

In order to correct a comrion error, it should be noted
that the kinetic energy of the circulatory flow has no connec-.
tion with the frictional resistance of the air which the cylin-
der must overcome when rotating. As my coworker, J. Ackeret,
has demonstrated (in a hitherto unpublished research), the cyl-
inder rmust overcome a resistance during the development of its
circulation. The requisite work is the equivalent of the flow
energy produced.

The air friction has simply a loosening effect. Its only
offset is that when the circulation (through a change in the
rotary speed Qf the cylinder or in the velocity of the wind) no

longer corresponds to the normal condition, more eddies are

* The Thompson theorem does not apply in the frictional zomne,

'so that closed lines, which pass anywhere through fluid material

coming fromn the”fplctional zone ﬁ&anahave a circulation differ-

ing from zero.: & ‘x.:l.. RO Bl -
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produccd in one rotational direction than in the other, until,

by their passing off, a circulation is produced which corre-

sponds tc the momentary condition.

We will now more closely investigate the flow of Fig. 7
from the standpoint of our knowledge of the behavior of the
boundary layer. If the cylinder has a peripheral velocity
greater than the maximum flow velocity, the boundary layer is
not retarded, but is everywhere accelerated. Hence no further
freeing of eddies will occur after reaching the circﬁlation
corresponding to this flow; We therefore conclude first, that
in such o case, the flow diagram of Fig. 7 will be approximate-
1y attained and, second, that the corresponding transverse
force represents the theoretical maximum.* How great must the
peripheral velocity of the cylinder be, in crder to produce
this condition? At first the theory for the maximum flow ve-
locity according to Fig. 3 (at B and B') gives the value
3V. The peripheoral velocity U, of the additional flow accord-
ing to Fig. 4, is therefore also 2V, sc that we have the ve-
locities 4V and O at B and B'. EHence the above consider-

ation holds good for peripheral velccities u, which are greater

‘than 4V. Nevertheless, it is to be expected. that we can go

sorewhat below the value 4V, because a slight retardation at

*This conclusion ig not abgolutely obligatory, because fluid

particles carried along by the cylinder are thrown off by cen-—
trifugal force and may affect the neighboring flow, whereby the
circulation can be increased somewhat in excess of the value -
corresponding to Fig. 7. This effect, however, can not be very
great, so that the above statement is approximately correct.

It is also corroborated by experiments mentioned farther on.
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the point of maximum flow velocity can manifestly do nc harn,
since it will be offset by the impulsion at the points of min-
imum flow velocity.

The maxinum theoretical power can now be given 1in accord-
ance with our previous calculations. I'= 2nr U= 412 V,
and hence Pn,, = 4TPV® r 1. In order to obtain the coeffic-
ient of 1ift ca,* we divide P by the frontal area of the |
cylinder F =2 r1 and by the dynamié pregsure q = P %i
and obtain

Co max = o= = 4T = 12.57 **

This coefficient of 1lift is about ten times as large as the
values crdinarily obtained for airplane wings. This is due to
the fact that the flow is deflected by the rotating.cylindor
very ruch more than it would be by an airplane wing. If we
study the pressure distribution of the flow in Fig. 7, Bernoul-
li's theorem gives us the answer that, instead of A = C,
theré‘is a positive pressure equal to the simple dynamic pres-
sure P %i opposite the undisturbed.current. Instead of B,
on the contrary, where the velocity v = 4V, the dynamic

pressure is 16 times as small as at A4 and the negative pres-

sure opposite the pressure of undisturbed flow is therefore

_*This term is borrowed from aviation, in. which the force cor-

responding to the transverse drive of a sail is called "1ift."
**Through no fault of mine, it was announced in the daily news-
papers. that I had this information in 1904. This is not so.

I do not remember the exact date, but I think I first knew it
in 1918.
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15 tines the dynamic pressure. The far greater portion of the

transverse force is therefore due to the effect of suction.

This is oléor very obvioﬁs from the study of Fig. 7, if we bear

in mind the centrifugal effects in the fluid, which are mani-

festly very important in the portion above the cylinder.*

Experiments with rotating cylinders, spheres and othér bod-
ies have long stood on thé 1list of research tasks for the aero-
dynamic laboratory under mﬁ charge. They were brought to our
attention anew by the above-mentioned theoretical considera-
tions, which made an investigation deem desirable. This had to
be posfponed, however, on account of more urgent tasks. The
decisive impulse was finally furnished by the circumstance that
in 1933 we came into possession of very rapid small electric
nmotors, which my faithful coworker of many years, Dr. Betz, had
developed for driving the propellers of airplane models (cf.
Ackeret, "Zeitschrift fur Flugtechnik und Motorluftschiffahrt"
1924, p. 101). This caused Ackeret, who was greatly interested
in everything pertaining to boundary layers, to investigate.the
rotating cylinder. In order to appfoximate, as ciosely as pos-—
sible, the concditions assumed in the theory, the cylinder was
placed between two parallel walls,'so that the process of flow

would be the same in all planes parallel to both walls and all

* Also for ordinary carbered airplane wings, the suction on top
is greater than the pressure on the bpottom, although not to so
great a degree as for a rotating cylinder.
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detrinentel currents around the ends of the cylinder would bhe
avoided. The peripheral velocity vas increased to four times
the wind velocity, but at first the highest attainable cn re~
mained at about 4, instcad of its theoretical value of 13.57.
An investigation of the flow soon showed us that only the cen-
tral portion of the cylinder worked correctly, while the cur-
rent did nét cling to it near the ends and was thcfofbre only.
slightly deflected. I ascribe this deviation from the antici-
patcd flow to a separation of the air stream on both walls. cor-
responding to the separation from the wall as shoﬁn in Fig. 15.
In order to avold this, I suggested the addition of circular
¢isks to the ends of the cylinder, to rotate with the cylinder
and to prevent the retardation of the boundary layer at the
critical vpointe (Fig. 23). The anticipated effect was producéd.

The flow chng to the cylinder clear to the walls and the cocf-

g

// v

ficient of %pag Ca 1increased to about 10, with an approxinate
90° deflection of the 20 om (7.87 in.)-high air stream by a
cylinder of 4 cm (1.57 in.) Giameter. We could be well satis-
fied with the result since, due to various deviations pro&uced'
by frictibn, we could not expect to obtain the coefficient 13.57.
We had already considered, with ref erence o the theoret-
ical results, the application possibilities of the rotating.'

cylinder, but saw no practical advantage in connection with.any

" of the things considerocd (a¢rp11ne wings, propellers,* wind-

* A propeller model with rotating cylinders was tested by Pro—
fessor Glmbel in Berlin in 1918. .
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mills, turbinc blades, ete.): I have not chonged my cpinion.
We can greatly rcduce the depth in the direction of flow, as

compared with wing-shaped structures, by the use of rotating

cylinlers, since the latter absorb 8-10 times as much force per

i unit area of the projecticon, but this géenerally constitutes no

great advantage, because some form without noving parts is

(&=

structurally more cohvenient and gocd wing éhapes offer less
resistance to the air in the direction of motion. By the sub-
stitution cf rotating oylindérs in place of wings, sails and
blades, no saving can be made in the span of airplanes, the

o

diamecter of windmills, etc., because the performances of thesc
! machinee cdepend on the velume of alr utilized per second, which
is chicfly determined by the span or diameter.

Unfortunately, we did not at that time consider the casc
-0 a ship's sail where the conditicns are diffcront and afiord
many advantages for the rotating coylinder. This discovery was

reserved for iir. Anton Flettner, the inventor of the Flottacer

ship rudder. He had previously had various cxperiments for

detcrining the properties of his rudder* performed in the lab-

*Thie rudder differs from the ordinary steering rudder of a
ship, in that it is frce to move on its axis like a wind vane
and is not turned forcibly by a rudder engine, but is operated
by a small auxiliary rudder on its trailing edge, whercby the
auxiliary rudder plays the sare role with respect to the main
rudder as the ordinary -rudder does with -respect to the ship.

In this vay the force required for steering is very much reduced
cven for very large ships. !Moreover, the stecring action is
much steadier, cven in a heavy sea, since the rudder can follow
the changing currents. In this connection, compare also "Notur-
wmissenschaften” 1934, p. 1108 (E. Forster, "Die neue Entwicklung
des Schiffsantriebs").
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oratory under my charge and then undertook to apply the princi-
ple of his rudder to the sail of a ship. Sailing vessels had

gradually come into a very disadvantageous position in compari-

) sonﬁwithﬁéteamships_and,Diesel—engine ships, due principally %o

the necessity of a large crew for handling the sails and making
the frequent repairs in the rigging. Flettner wished to intro-
duce metal sails, made like the wings of metal airplanes, which
would automatically assume the correct position with reference
to the wind by means 6f wind vanes and auxiliary rudders. The
storm problem was very difficult, however. The metal sails

could not be reefed, though they could always be brought, by
means of an auxiliary rudder,

/into the exact dircction of the wind, so that they received no

lateral pressure. What if, however, the auxiliary rudder should
be damaged iIn a storm and remain in such a posifion that the
salls would receive the full pressure? There was the further
disallusionment that the o0ld type of sail, when correctly ad-
justed to the wind, was not so bad as we had been inciined to as- -
sume, but geherated forces ecual %o about 80% of those produccd
by metal sails of the same size. The metal sails had to be very.
large, therefore, in order to fully replace the old sails.

Hr. Flcttnor therefore began to search for some other substi-
tute. When informed of the Gbttingen experiments with the ro-

tating cylinder, he quickly decided to have the availability of

such cylinders for his sail ship investigated and made arrdnge—

ments with us for this purpose. Our previous experiments en-
abled us to suggest immediately; as the most favorable, the
very form which was subscgquently installed on his ship. For

the reasons already mentioned, each cylindcr had to be long,
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and projecting disks were added to both ends. The free upper

disk had somewha.t diffgrept funqﬁions than the previously de-

scribed disks next to the walls (Fig. 23). Without them, air

would have been drawn from the rear side of the cylinder into,
the negative-pressure region and would have dissipated the oir-
culatory flow throughout a considerable portion of the 1ength.
of the cylinder and indeed 211 the more, the greater the nega-
tive pressure would have otherwise been. Of course the disk
had to rotate also, so that the already mentioned separation.
would not take place. The disks afforded the further advant-
age, which was'clearly demonstrated in the experiments, of de-
creasing the induced drag, by dividing the marginal eddy into
two eddlies flowing away from the walls of the disks, thus pro-
ducing an effect similar to the transition from a monoplane
to a biplane.f

First a cylinder with a bullt-in electric motor was tested
(Fig. 24), once without disks and then with two pairs of disks
of different diameters. Fig. 35 shows the combined 1ift coef-.
ficlents ¢, and drag coefficlients oy (resistance in the
direction of the wind divided by Fq) in the form of polar

curves, the dashed line (in the lower left corner) being the

polar curve of an airplane wing. In Fig. 36, ¢, is plotted

against u/V (ratio of the peripheral velocity of the cylin-

der to the velocity of the wind). J4 is obvious that the cyl-

*r. Flcttner has estaplished his claim that he learned of this
action of the disks from other sources and that he would have
used disks on the cylinder even without our suggestion.
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inder with disks in the region of u/V = 4 attain the greatcst
1ift of ¢, .=.about 10. . .The.cylinder without disks produced a
1ift of about 4.

Furthermoré, the wind forces wére deternined on a model
of the rotor-ship MBuckau!" and on a model of an equivalently
rigged saiiing vessel of the earlicr typec. The results are
plotted in Fig. 27 for a wind (relative to the moving ship) of
constant direction and strength, in éuch a manner that the use-
ful component of the éir force falling in the direction of the
motion of the ship is plotted in the existing éourse to the |
relative wind. The sail areas of the two models (Fig. 28) were
in the ratio of 1 ! 3.8. On the sailing-ship model the sails
hacd to be reset for every change in the course. The measuring
points were farther outward or inward, according to whether
the adjustment of the sails was better or worse. The region
coverad by the measuring points is hatched in Fig. 27. Adjust-
ment is possible on the "rojor éhtp" only in so far as the per-
ipheral velocity is adapted to thce wind velodity.- A very great
advantage of the rotor iec that it does not hove to be adjusted
for changes in the direction of the wind. On a sailing ship

any considerable change in sither the direction or the veloc-

ity of ﬁhg_yind necessitates a change in the set.of the sails.

Since this is very laborious, especially on large ships, it is
often necgleccted as long as possible, with a corresvonding loss

in speed. On a rotor ship, the correct adjustment is automat-
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ically made and the revolution speed can be very easily correct-
"od'by“tufningia”hand'whecl, which controls the electric motor
which drives the rotor. OCnly vhen the wind changes from star-—
boaxrd to port is 1t necessary to reverse the retational direc-
tion of the rotors. By rotating the two rotois in opposite
directions, the ghip can be made %o turn in its place. When
the wind increcases, u/V. and hence ¢, automatically'decrease,
so that the wind force increases more slowly than on a sailing
ship, where it 1s nececssary 5o recf the sails. 4 further weak-
ening is possible by rcducing the rotational spced. .If, in a
heavy stom, the power is entirely switched off from the rotor,
the effect of the wind is then very small, so that ¢, = O

and ¢ = 0.3.* The drag is then less than that of the empty
rigging of an equivalent sailing vessel.

Fig. 39 represents the experimental ship "Buckau," of 600
rnotric tons, before and after conversion from a sail ship to a
rotor ship. Fig. 30 is a view from the captain's bridge toward
the front rotor, whose details can be readily recognized. The
loading mast in the niddle of the ship sérves for lifting the
freight. |

At é trial trip of the "Buckeu" on November 12, 1934, T

. was able.-t0. satisfy myself regarding the fine construction of

* The greater value in Fig. 35 is due to the fact that, with the
stationary model cylinder, the critical specd (accurate critical
Reynolds number) had not boen reached. ,(G‘. Wiesclsberger, "Phys.
zeitschrift," 1931, p. 331; L. Prandtl, "Festschrift der Kaiser
Wilheln Geselloc;aft " Beriin, 1921, n. 178; “"Ergebnisse dcr
Aerodynamischen Versuchsansualt " Lanlch 1923 Part II, p. 23.)
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the rotors and their driving mechanism by the "Germaniawerft!
at Kicl. On the inside of each rotor there is a clirbable hol-
low steel column, rigidly connected with the ship and carrying
at its top one of the main bearings on which the rotor turns.
The rotor clso has a bearing at the bottom. The rotor is driv-.
en, through a pair of cog whecels just above the lower main bear-
ing, by an clectric motor controlled by, the Leonard syster.*
The rotors are constructed from 1 mm (0.04 in.) sheet iron with
an intern-l stiffening frame and are practically noiscless.
According to the testimony of the crew, the maneuverability of
the ship was excellent. It has not yet been tested in a storm,
because thcre hag been no storm since the completion of the
shiﬁ; There is, however, no occasion for fear, because the
wind forces are very smnll when the rctors are not running.**
The rmost important point yet to be settled is whether the

rotor ship will be able to coupete econormically with the stearn-

*In the Leonard svetesm o continuous-current mctor is driven by
a specially adapted dynorio in such manner that the rmagnetic
field of the motor is excited by an external source with con-.
stant current strength and that the magnetic field of the dyn-
amo is excited by a regulatable current strength, while both
arrmatures are directly connected with each other. Thus the dy-
naro supplies a regulatable current of any desired voltage and
the motor revolves at a corresponding speecd. In addition to
the two electric moters, there are accordingly on the Buckau,
in order tc operate the two towers independently of each other,

- three small-dynamos, one .for each tower and one for exciting
the magnet fields and for other uses.

**The storm test has since taken place with very good results
and the ship has begun its mercantile trips.
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ship and with ships driven by internal combustion engineSa - This
“Seems to have been proved by the calculations which, however,
lie entirely outside my field of work. The reél nroof can nat-
urally be had only by actual tests, which will be made with
rotor shins and which will demonstrate many things (cost of re-
pairs, etc.) which can not be anticipated. In my opinion the
prospects are good in this respect and it is therefore encour-
aging to hear that a number of'larger engine-driven boats are 
to be converted into rotor ships which will serve as exanples.
It is unfortunate that a bit of poetry will thereby be taken
again from the craft. It must, however, be confessed that the
sailing ship could not be saved anyway. May success crovn the

hew ship vhich is taking its placel
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Fig.3

Fig.3 Potential flow arcund
' a2 tylinder,

- Fig.4 " Circulatory flow
around a cylinder.




Fig.8 Ball under the influence
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Flow around the
exhausted cylinder.

2 oppositely rotating
¢ylinders, '

~ A v

a Fig.17 A single rotating
‘ cylinder.
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Fig. 18.
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Fig. 21.

Figs.18-21 Formation of vortices and eddies.Photographs by

_____ Fip. 20,
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‘Fig.28 The two
ship

models. Each

rotor hasg a

built-in elec-

Yri¢ motor as

" shown in Fig.24

Fig.30 From the bridge
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Figs.26,37,29.
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